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Edge-state tunneling through ultrashort gates

J. M. Ryan, N. F. Deutscher, and D. K. Ferry
Center for Solid State Electronics Research, Arizona State University, Tempe, Arizona 85287-6206

(Received 11 February 1993)

The gating of edge states by ultrashort gates (50 nm) placed on normal quantum Hall effect devices is
studied. In longer-gate devices, plateaus in the longitudinal resistance are found when an integer num-
ber of edge states is reflected from the gate. The expected quantized values of longitudinal resistance do
not appear in the ultrashort gate devices, indicating that tunneling of the edge states through the de-
pletion barrier continuously occurs for biases less than that needed to completely deplete the region near
the gate.

INTRODUCTION molecular-beam epitaxy grown to a thickness of I Mm on
top of the substrate. This was followed by a 20-nm

In recent years, the study of the quantum Hall effect, in Ga-, AlAs (x =0.3) undoped spacer layer and a
which the Hall resistance is quantized exactly in units of 1 X 10t' cm- 3 Si-doped layer 30 nm thick. This was fol-
h le2, has focused upon the role played by the edge states lowed by an undoped GaAs cap layer 5 nm thick. The
in the transport through the overall device.' The edge two-dimensional density was nominally 4X 10I" cm- 2

states provide essentially dissipation-free transport from and the mobility was 400000 cm 2/V s, both at 1.4 K.
the current-injecting contact to the current-sinking con- The samples consisted of six-sided quantum Hall effect
tact, so that the quantized Hall conductance can be eom- bars with four gates placed between adjacent sidearms,
puted from the Biittiker-Landauer formula' in terms of and with gate lengths of 1, 2, 5, and 10 pm. The men-
transmission coefficients through the structure. The role surements were performed using a lock-in technique with
of these edge states has previously been examined by the a current bias as low as 10 nA, at 1.4 K, and with mag-
use of metal gates to selectively reflect a fraction of the netic fields up to 9 T.
occupied edge states.3' 4 Both Biittiker5 and van Houten Results of measurements of the longitudinal resistance
et al.6 have shown that when a quantum Hall bar is with varying gate bias for the four gates are shown in Fig.
biased with a perpendicular magnetic field, such that the I for the v=4 plateau (B=4.25 T). In each case, three
filling factor away from the gate is an integer N, a gate gates are grounded (which insures an open channel for
barrier which reflects K edge states leads to quantized the present device) and a negative voltage is applied to
longitudinal resistance in accordance with the remaining gate, so that only a single gate works to de-

Sh K plete the electron gas and reflect the edge states. The
Rlong 2 N(N- K) (1) sample is prepared with six sidearms, and an ungated re-

R e gion of the sample is used to check that the grounded

Previous studies of the gated transport of quantum Hall gates are truly removed from the measurement, by com-
bars have provided agreement with this relationship, and paring the longitudinal Shubnikov-de Haas traces for the
have shown plateaus in the longitudinal resistance when ungated region with that of the region in which the gates
N and K are integers.3, 4  are located. In Fig. 1, all four gates display roughly

Equation (1) is valid whenever the edge states are di- equivalent quantization corresponding to the N=4,
vided into classes which are either completely transmit- K=2 case using (1). However, the plateau values ob-
ted or completely reflected from the gate region. In the served are not precisely at the values expected from (1).
case of ultrashort gates, however, tunneling through the
gate depletion region is sufficiently strong that complete 20
reflection of edge states does not occur. Moreover, the
longitudinal resistance measured as the gate bias is varied - 16 5 pm

depends upon where in the plateau the bulk portion of
the device is biased (with magnetic field). In this paper, 1 [ /10 Pm
we describe the gating effects measured from quantum 10 PM

cc

Hall devices in which gates of 50-nm gate length are used ' 8 2pm
to bias the transmission of the edge states. The quantized -

values predicted by (1) are not reached for reasonable -, 4 "-
gate voltages, presumably due to the incident edge chan- m 1 -

nels tunneling through the depletion region. 0 "

EXPERIMENTAL PROCEDURE AND RESULTS -2 -1.8 -1.6 -1.4 -1.2 -1
Gate Vote (v)

Samples were prepared on GaAs/Al. GaI -, As hetero- FIG. 1. Longitudinal resistance as a function of gate voltage
junction materials, in which the undoped GaAs was for the v =-4 plateau (B = 4.25 T), for four values of gate length.
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Odd values of K were not observable in these samples. 3.5

The offset of the 5-jim gate is possibly due to a slight
variation in local density. The difference in the shape of • 3
the curves for different gates is expected to be due to
different regions of saddle-point tunneling (near the 2.5

center of the sample under the gate) and non-saddle-point I
tunneling near the sample edges, as discussed by Haug 2
et al. 7  Surprisingly, the most interaction between Z
saddle-point and non-saddle-point tunneling occurs in the 1.5
1- and 10-pm gate lengths, but this is uncorrelated with -

the geometry of the gates themselves (the ordering of the
gates on this sample was 5, 2, 1, and 10 /sm).

A second set of devices was fabricated in which gates M5
of length 50±5 nm (as measured with a scanning electron - -5 -4 -3 -2 -1 0
microscope) were placed on the Hall bar. In these sam- Gate votage (v)
ples, sweeping the gate voltage was difficult because of FIG. 3. Variation of longitudinal resistance with gate volt-
the long-time constants of the system, previously report- age, determined from the data for the curves in Fig. 2, ror
ed by Haug et al.7 These are presumably due to the slow different values of the magnetic field on the v=2 plateau. The
relaxation of the carriers in the gated region. To circum- curves are, from the top, for magnetic fields of 6.8, 6.7, 6.6, 6.4,

vent the long-time constant, a series of sweeps in the and 6.2 T.

magnetic field were performed for various gate biases,

and then the values for the fixed magnetic field were tak-
en to create equivalent curves to Fig. 1. Figure 2 shows tanc6s'(well above the value h /e 2 ). Similar behavior is
the longitudinal resistance across the v=2 plateau as the observed in the magnetoresistance as a function of the
magnetic field is varied for various values of the gate bias. gate voltage. This behavior was observed in several de-
As the gate voltage is increased, the series resistance of vices.
the barrier is increased, destroying the zero, as expected
from the behavior for long-gate devices. However, the DISCUSSION
value of longitudinal resistance varies across the plateau.
This behavior is somewhat different than that found with The devices with long gates ( >1 pom) clearly exhibit
the long gates, and the longitudinal resistance measured the interplay between saddle-point tunneling and non-
with gate bias depends upon the value of the magnetic saddle-point tunneling, in the notation of Haug et al.7

field. In Fig. 3, the longitudinal resistance values at The lack of exact quantization to the value expected from
several positions across the plateau are plotted as a func- (1) is probably not due to leakage, as some values lie
tion of the gate voltage. For these latter curves, the above the expected level, while others are below it. How-
shape remains approximately the same for the different ever, particularly in the curves for the 1. and 10-prm
positions across the plateau, supporting the conclusion gates, the interplay between the two classes of edge-state
that the tunneling resistance is a series resistive element, tunneling is quite evident, and it may well be likely that
The curves show a pseudoplateau (inflection) near -3.5 particularly the non-saddle-point tunneling induces some
V that is not predicted by (1), but the sharp rise at -5.5 nonequilibrium behavior in the edge-state populations.8

V shows no additional structure up to quite high resis- The presence of the multiple gates may well allow the ex-
istence of significant nonequilibrium populations between
the gates even though every attempt has been made to
neutralize the role of the unbiased gates.

For the barriers produced by the ultrashort gates, the
edge channels will have some nonzero tunneling probabil-
ity throughout the bias range rather than being complete-

'3 ly reflected. Tunneling will have an exponential relation-
ship with the barrier width as given approximately by9

2 T(W)--exp - [2m *(V-E)]112dX , (2)

where T(E) is the transmission coefficient, V is the one-
dimensional potential barrier, and E is the energy associ-

0 ated with movement in the edge-state direction. Because
5.5 6 6.5 7 7.5 the series resistance significantly changes the local energy

MAWec•l MW) throughout the plateau region, the actual tunneling
FIG. 2. Series of magnetic-field sweeps across the v 2 pla- coefficient of the edge state is expected to depend upon

teau for various gate voltage values, for a device with a single the magnetic field, and be a nonlinear function of its owr
50-nm gate. The lowest curve is for -0.01 V and each curvs: is resistance, which causes a variation in the Fermi energy
for a st.p of 0. V, reaching a maximum of -5 V. within the barrier region. The slope of the resistance in-
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crease apparent in Fig. 2 is thought to be a result of the not be observed when the edge states are either fully
shift of the Fermi level in the magnetic field. We can dis- transmitted or are fully reflected, and the details depend
cuss this using' the model and notation of Haug et al. 7  upon the exact tunneling coefficient.
The magnetic field is such that two positive flowing edge Similar resistive effects are seen in long-gate devices,
channels are present. The longitudinal slope in the Fermi and allow one to probe the properties of the region under
level is a result of current flow in the device and is a func- the gate itself in the composite Shubnikov-de Haas mea-
tion of (ML l--R ), the difference in the Fermi level on ei- surements, which will be discussed elsewhere. The ul-
ther side of the gate. The velocity is proportional to the trashort gate allows sufficiently strong tunneling through
transverse slope of the Landau level in the edge state.5  the barrier so that it is not possible to selectively reflect
The difference in currents on either side of the sample, only a single edge state, and total reflection only occurs
e.g., in the left- and right-going channels, must remain when the bias is sufficiently high to totally deplete the re-
constant and this difference is equal on either side of the gion under the gate and over an area sufficiently large to
gate, since the Hall resistance remains a quantized value cut off the tunneling completely.
in this magnetic-field region, and the bias current is con-
stant. The longitudinal resistance, however, is a measure
of the difference in the currents across the gate, in either ACKNOWLEDGMENTS
edge-state set. As the Fermi energy is shifted due to the
longitudinal resistance, the ratio of currents on either This work was supported by the Office of Naval
side of the sample changes and an increased resistance as Research. The authors would like to acknowledge help-
a function of magnetic field is observed. These effects will ful discussions with Y. Takagaki and T. Yamada.
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